The effects of carbon coating on ϳ9 nm SnO 2 particles were examined. The C-coated SnO 2 nanoparticles were synthesized from SnCl 4 , glucose, and ethylene glycol through a solvothermal method. Raman spectra indicated that the coated carbon was a disordered carbon. The C-coated SnO 2 nanoparticles showed superior cycling properties to the uncoated ones. Transmission electron microscopy after cycling confirmed that the nanoparticles were well dispersed without aggregation. The enhanced cycling property is believed to be attributed to the effective hindrance of nanoparticle growth by the core/shell structure of Sn/Li 2 O and carbon layer after phase separation during the first discharge. With the development of portable electronics, numerous studies have focused on the anode materials with a high-energy density for Li rechargeable batteries. [1] [2] [3] [4] [5] It is rationalized that the reactions of SnO 2 with lithium are SnO 2 + 4Li → Sn + 2Li 2 O and Sn + 4.4Li ↔ Li 4.4 Sn. 6 The maximum theoretical capacity of the SnO 2 anode is 781 mAh/g, and the irreversible initial capacity loss is due to the formation of Li 2 O. However, the large volume changes related to Li alloying and dealloying cause a fast disintegration by the cracking and pulverization.
With the development of portable electronics, numerous studies have focused on the anode materials with a high-energy density for Li rechargeable batteries. [1] [2] [3] [4] [5] It is rationalized that the reactions of SnO 2 with lithium are SnO 2 + 4Li → Sn + 2Li 2 O and Sn + 4.4Li ↔ Li 4.4 Sn. 6 The maximum theoretical capacity of the SnO 2 anode is 781 mAh/g, and the irreversible initial capacity loss is due to the formation of Li 2 O. However, the large volume changes related to Li alloying and dealloying cause a fast disintegration by the cracking and pulverization. 7 As a result, some particles lose the electrical contact, leading to the capacity loss.
There have been several reports about the high reversibility of nanoparticles resulting from the possible volume change for each nanoparticle that they can be well contacted by carbon black and binder. 1, [8] [9] [10] [11] Furthermore, nanosized materials often have higher plasticity and deformability. However, nanoparticles aggregate to larger particles during cycling and pulverize again. Therefore, a physical/chemical barrier is needed to hinder the nanoparticle growth. Several methods have been proposed to minimize these problems. One approach is to distribute nanoparticles uniformly on a large matrix such as graphite, mesoporous carbon, etc. 12, 13 However, the amount of nanoparticles that can be loaded on such a matrix is significantly restricted, which results in the limit of the total capacity. Recently, some experiments of the carbon coating on Sn or SnO 2 nanoparticles were reported. [14] [15] [16] However, the size of the reported Sn particles was a few hundred nanometers that were too large to expect the merit of nanoparticles. The SnO 2 -carbon composites synthesized by spray pyrolysis showed that the carbon was coated only on the surface of the agglomerates. This paper reports the effects of carbon coating on ϳ9 nm SnO 2 particles with proper nanostructures using a simple solvothermal method.
Experimental
The SnO 2 nanoparticles were synthesized from SnCl 4 and ethylene glycol ͑C 2 H 6 O 2 ͒ by a solvothermal method. Ethylene glycol functions as a complexion agent to form a polymeric network, and also as a spacer to modulate the distance between metal ions, preventing metal oxides from aggregation during the earlier stage of organic removal. 17 The SnCl 4 ͑1 mL͒ source for the uncoated SnO 2 nanoparticles and SnCl 4 ͑1 mL͒/glucose ͑C 6 H 12 O 6 ͒ ͑0.1-2 g͒ for the C-coated SnO 2 nanoparticles were dissolved in ethylene glycol ͑40 mL͒ under vigorous stirring. To coat each particle effectively and minimize the amount of carbon, the precursors for SnO 2 and carbon were heated by one step, instead of conducting other coating steps. 18 The mixtures were maintained in a Teflon-sealed autoclave at 180°C for 24 h. To determine the capacity contribution of the coated carbon, a pure carbon was synthesized with glucose by a hydrothermal method. 19 After cooling the colloids to room temperature, the precipitates were centrifuged/washed several times in water and ethanol, and oven-dried. The precipitates for C-coated and pure ͑uncoated͒ SnO 2 nanoparticles were maintained in a furnace at 500°C for 12 h under Ar or air.
Among the C-coated samples, the nanoparticles ͑optimized by the cycling properties͒ with the glucose concentration of 0.5 g were analyzed in detail. The nanostructures of the SnO 2 nanoparticles were analyzed by X-ray diffraction ͑XRD, M18XHF-SRA, MacScience͒ for the grain size and local strain, and Raman spectroscopy ͑T64000, Jobin Yvon͒ with Ar Laser was used to determine the bonding nature of the coated carbon. The carbon concentrations were measured using a CHNS analyzer ͑Flash EA 1112, Thermo Electron Corp.͒, and confirmed by thermogravimetric analysis ͑TGA, SDT Q600, TA instrument͒ under air with a heating rate of 10°C/min. Inductively coupled plasma-atomic emission spectroscopy ͑ICP, ICPS-1000IV, Shimadzu͒ was used to determine the Sn concentrations. For the transmission electron microscopy ͑TEM, JEM 3000F, JEOL͒ analysis, the as-prepared SnO 2 nanoparticles and cycled ones ͑disassembled in a glove box, washed in diethylene carbonate, and vacuum-dried͒ were sonicated in ethanol. The resulting solutions were dropped on an amorphous-carbon-coated copper grid and dried.
The cycling tests were performed using coin-type half cells ͑2016 type͒ with a Li counter electrode. The working electrode consisted of the active material, super P carbon black, and a polyvinylidene fluoride binder in a weight ratio of 3:1:1. The 1 M LiPF 6 in ethylene carbonate/diethylene carbonate ͑1/1 vol %͒ ͑Cheil Industries Inc.͒ was used as an electrolyte. The cells were cycled between 5 mV and 1.2 V after the first discharge from the initial open-circuit voltage. The cycling tests were performed under the constant current conditions of 500 mA/g ͑=0.64 C rate based on the theoretical capacity of SnO 2 ͒. Cyclic voltammetry ͑CV͒ measurements were carried out at the scan rate of 50 mV/s.
Results and Discussion
The XRD patterns of the uncoated and C-coated SnO 2 nanoparticles show rutile structures without any second phase, as shown in Fig. 1a . The average particle sizes were calculated by a Scherrer equation with the peak widths ͑full width at half-maximum͒ ͑fitted using a double peak Lorentzian function, considering the effect of K␣ 1 and K␣ 2 ͒ for the ͑110͒, ͑101͒, and ͑211͒ main peaks. The average grain sizes of the uncoated and C-coated SnO 2 nanoparticles are 13.2 ± 1.1 nm and 8.8 ± 0.9 nm, respectively, as denoted in Table I . It is believed that the smaller particle size of the C-coated SnO 2 nanoparticles was due to the hindrance of the glucosepolymeric network during the growth stage.
To investigate the structural change with the carbon coating, the local strains were also acquired from the slope of the ⌬k vs k plots. 20 The local strains of the uncoated and C-coated SnO 2 nanoparticles 
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are 0.13 ± 0.08% and 0.59 ± 0.13%, respectively ͑Table I͒. The larger local strain of the C-coated samples may be associated with the structural defects or a nonuniform distribution of strain by the carbon-coated surface. The Raman spectrum of the C-coated SnO 2 nanoparticles is shown in Fig. 1b . To know the bonding structure of the coated carbon, the spectrum was fitted with two Gaussian peaks. The two peaks at ϳ1360 and 1580 cm −1 are assigned to the disordered band ͑D band͒ and graphene band ͑G band͒, respectively. 21, 22 The relative intensity ratio of the D and G bands depends on the perfection of the graphite layer structure, and confirms a typical disordered carbon. Figure 2 shows the TEM images of the C-coated SnO 2 nanoparticles with different magnifications. Most of the nanoparticles are well dispersed although some of them look partially aggregated. The arrowed region shows the SnO 2 nanoparticles surrounded by a disordered carbon. 23 The lattice fringes of the SnO 2 nanoparticles with the ͑110͒ and ͑101͒ planes are also observed. Figure 3 shows the cycle-life performance of the uncoated, C-coated SnO 2 nanoparticles, and disordered carbon. The glucose concentration for the C-coated SnO 2 nanoparticles was optimized, for the best capacity retention. The C-coated SnO 2 nanoparticles show superior cycling properties compared with the uncoated ones. In the uncoated SnO 2 nanoparticles, most of the capacity was lost only after 20 cycles, and the discharge capacity of ϳ100 mAh/g is shown at the 50th cycle. In the C-coated SnO 2 nanoparticles, the capacity of ϳ500 mAh/g was maintained up to ϳ20 cycles, and the discharge capacity of ϳ250 mAh/g was shown at the 50th cycle. The disordered carbon showed the capacity of ϳ100 mAh/g after some initial stage. 24 The capacity contribution of the disordered carbon for the C-coated sample was ϳ10 mAh/g with the carbon concentration of ϳ5 wt % ͑shown in Table I͒ . The uncoated and C-coated SnO 2 nanoparticles exhibit the first discharge capacity of ϳ1500 mAh/g and ϳ1700 mAh/g, respectively ͑as shown in Fig.  4͒ , and the initial reversible capacity of ϳ430 and ϳ550 mAh/g, respectively. The voltage profile of the disordered carbon shows a smoothly sloped shape. 14 One difference between the uncoated and C-coated samples is shown at the ϳ0.8 V plateau due to the formation of Li 2 O phase. ͑The plateau completely vanishes in the 2 g glucose sample.͒
The compositions of the uncoated and C-coated SnO 2 nanoparticles by ICP and elemental analyzer are denoted in Table I . The hydrogen concentrations indicate that most of the hydroxyl groups in glucose were removed. The carbon concentration were 0.061 and 4.9 wt % for the uncoated and C-coated SnO 2 nanoparticles, respectively. The atomic concentration of carbon for the C-coated SnO 2 nanoparticles was estimated at ϳ14 atom %, assuming the remainder is oxygen except for tin, carbon, and hydrogen. The estimated carbon-coating thickness ͑with the densities of graphite ͑2.267 g/cm 3 ͒ and tin oxide ͑6.95 g/cm 3 ͒͒ is ϳ0.6 nm, assuming that 100% carbon encapsulates the SnO 2 nanoparticles, and this result is comparable to the TEM, as shown in Fig. 2b . The estimated coating thickness and TEM indicate that the SnO 2 nanoparticles are coated by one or two monolayers of carbon. The TGA profiles of the uncoated and C-coated SnO 2 nanoparticles are represented in Fig. 5 . The C-coated SnO 2 nanoparticles show the main weight loss at ϳ400°C ͑compared with the uncoated nanoparticles͒. This is due to the oxidation of carbon leading to the release of CO 2 gas, and this result is comparable to the carbon concentration ͑as shown in Table  I͒ by elemental analyzer. 25 It is believed that the slight weight loss below 300°C is caused by water or any organics.
The CV profile for the C-coated SnO 2 nanoparticles shows the suppression of Li 2 O formation compared with the uncoated ones ͑see Fig. 6͒ . This indicates some retardation of the decomposition reaction at the equilibrium-potential range. In addition, the cathodic and anodic peaks for Li x Sn alloy in the C-coated samples show larger polarization. Although there are a few reports related to these phenomena, the actual mechanisms are not fully understood. 1, 8, 14, 24 This may be because the charge mediation of the carbon-coating layer influences the overall change in the phase-transition kinetic. The TEM with a diffraction pattern for the C-coated SnO 2 nanoparticles at 1.2 V after 10 cycles shows that the tetragonal Sn ͑t-Sn͒ nanoparticles are well dispersed without much aggregation into larger Sn clusters ͑Fig. 7a͒. The Sn nanoparticles are surrounded by the arrowed dark-gray region, probably Li 2 O and carbon layer, as shown in Fig. 7b . It is believed that the enhanced cycling property due to the carbon coating is attributed to the effective hindrance of the nanoparticle growth by the core/shell structure of Sn/Li 2 O and carbon layer, after the phase separation during the first discharge. A key factor controlling the reversibility is sustaining the nanoparticles, by limiting any possible aggregation. 6 Therefore, to confirm the exact mechanisms of the carbon coating, detailed in situ experiments are needed to clarify the reaction paths and the kinetics, and thereby correlate those with the nanostructures and electrochemical properties.
Conclusions
The C-coated SnO 2 nanoparticles ͑ϳ9 nm͒ were synthesized from SnCl 4 , glucose, and ethylene glycol through a solvothermal method. Raman spectra indicated that the coated carbon was a disordered carbon. The C-coated SnO 2 nanoparticles showed the superior cycling properties compared with the uncoated one, and the capacity of ϳ500 mAh/g was maintained up to ϳ20 cycles. The TEM after cycling confirmed that the nanoparticles were well dispersed without aggregation. It is believed that the enhanced cycling properties by the carbon coating are attributed to the effective hindrance of the nanoparticle growth by the core/shell structure of Sn/Li 2 O and carbon layer after the phase separation during the first discharge. 
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